Introduction
Electrical energy storage of renewable energy is widely recognized as a potential substitution for fossil fuels.
In the realization of this scenario, lithium-ion batteries hold great potential to become an essential mean of storage. However, for grid-scale (MWh) storage of electrical energy the batteries have to be cheap, safe, environmentally benign, have a long cycle life as well as exhibit high rate capability. The latter means, that the battery is capable of going through rapid charge and discharge without experiencing significant decrease in the effective capacity. [1] [2] To fulfill this purpose, phosphate-based materials have received significant attention as cathode materials for Li-ion batteries. Especially the phospho-olivine LiFePO 4 (LFP) has been studied intensively, as it in addition to high rate capability, also has a high theoretical capacity, high lithium intercalation voltage, low production cost and high stability. LFP is presently used with great success in electrical vehicles and portable power tools. [3] [4] [5] An interesting feature about LFP is that the transformation between the end-members LFP-FP, occurring during battery charge and discharge, is dominated by a wide two-phase field with very narrow solid solution regimes near the end-members. The transformation is accompanied by a volume misfit of ~6.5 vol% between the LFP and FP phases, [6] [7] which expectedly would make the transformation less facile. Still, LFP shows fast charge-discharge kinetics. However, the fact that large lattice misfits hamper the transformation kinetics is supported by recent findings showing that in the LiMn 1-y Fe y PO 4 system, the highest discharge rate capabilities are achieved, when the misfit is minimized. 8 These findings indicate, that phosphate-based cathode materials exhibiting a complete solid solution transformation between the endmembers are of great interest for high current rate batteries.
Recently, iron(III) hydroxide phosphate, Fe 2-y  y (PO 4 )(OH) 3-3y (H 2 O) 3y-2 (y = 0.66-0.88,  represents vacancies and may be omitted) have received interest as a new cathode material. The material has low production costs and a theoretical capacity of ~170 mAh/g (the precise value will depend on the amount of Fe(III) in the structure), which is similar to that of LFP. Furthermore, there are several indications that Fe 2-y (PO 4 )(OH) 3-3y Table 1 ). Also different surfactants have been tested in order to control the particle morphology. The highest Li-ion storage capacity was achieved from spherical particles of ~1 µm in diameter providing 176 mAh g -1 (86%) after the first cycle at a C/10 rate. 11 This capacity reduced to 165 mAh g -1 (80%) after 60 cycles.
In this work, we synthesized a series of Fe 2-y (PO 4 )(OH) 3-3y (H 2 O) 3y-2 materials by hydrothermal synthesis while screening a range of reaction times and synthesis pH-values. The products are characterized by PXD, scanning electron microscopy, electron paramagnetic resonance spectroscopy and elemental analysis to provide correlations between chemical composition, crystal structure, particle morphology, crystallite size and synthesis conditions. Three selected samples representing different morphologies have been studied in detail through galvanostatic charge-discharge cycling, cyclic voltammetry and operando synchrotron radiation powder X-ray diffraction (SR-PXD), which yields novel information about the electrochemically induced reactions and phase transformation mechanism. was added to the suspension, corresponding to between ~2.5 and ~10 molar equivalents to Fe. Note that high amounts of CTAB were used to fully probe the effect, however it may not result in optimum electrochemical performance. Lastly, water was added to reach a total volume of 50.0 mL. At this point, the pH was adjusted from ~3 to ~4 using a NaOH solution (50 µL, ≥ 32 %, Fluka), or to ~2 using HCl (40-300 µL volume, ≥ 37 %, Sigma-Aldrich). The Teflon TM cup was sealed in a stainless steel autoclave and heated at 150 °C for 2 -72 hours. For all synthesis, this resulted in a fine powder. The precipitate was filtered with suction, washed with water and dried at 60 °C in vacuo overnight. For a summary of the synthesis conditions see Table 2 . •
• 
Electrochemical analysis
For test of battery performance and electrochemical analysis, electrode coatings of the materials were prepared by suspending the active material (75 wt%), Carbon Black (10 wt%, CABOT VXC72), Graphite Corporation) mixed by suspension in NMP using a vortex mixer. To ensure homogeneous drying conditions, the suspension was poured onto aluminum foil and spread out in an even layer using the doctor blade method. The cathode composites were dried over 3 days in a fume hood at room temperature and then scraped off the aluminum foil using a sharp plastic spatula. The pellets were pressed using 1.8 ton for at least one minute. The pellets were mounted in AMPIX-type battery test cells specially designed for operando battery-scattering measurements. 19 Li-foil (99.9 %, Sigma-Aldrich) was used as anode, microporous glass fiber sheets was used as separator (Wattman, GF/B), and a 1 M LiPF 6 in 1:1 EC:DMC (Solvionic, 99.9%) as the electrolyte. The AMPIX cells were mounted in a multi-cell array and were measured in series using a Perkin Elmer (XRD1621) area detector and a selected wavelength of 0.2073 Å. Each cell was exposed for 1 second with 30 subframes every 461 seconds. The collected two dimensional data was processed with the Fit2D program. 20 Diffraction spots from the lithium anode were removed by masking in Fit2D and all intensities were normalized using the integrated intensity of the 2theta range without any Bragg peaks below the first Bragg peak at ~2.4 °2theta.
Rietveld refinement was performed using the Fullprof software. 21 The background was described using selected background points, and the peak shapes were fitted using a Pseudo-Voigt profile function. The following parameters were generally refined: Scale factor, cell parameters, background, profile parameters 
Elemental analysis by Inductively Coupled Plasma-Optical Emission spectrometer
The elemental ratio between Fe and P was determined using a Perkin-Elmer Inductively Coupled PlasmaOptical Emission Spectrometer (ICP-OES) after dissolution of ~0.1 g sample in ≥ 65% concentrated nitric acid.
Scanning Electron Microscopy
The approximate particle size distribution and surface morphology was measured by Scanning Electron Microscopy (SEM), while the elemental distribution and composition was measured simultaneously with Energy Dispersive X-ray (EDX) spectroscopy using a Hitachi S-4800.
Electron Paramagnetic Resonance Spectroscopy
Electron Paramagnetic Resonance (EPR) spectra (X-band) were recorded on a Bruker EMX Plus CW spectrometer at room temperature on selected synthesis products and two reference materials: LiFePO4 and FePO4·2H2O (both Sigma-Aldrich, >99%). All samples were in the form fine powders. The magnetic field was swept between 200 and 10200 Gauss.
Results and Discussion
To obtain phase-pure Fe 2-y (PO 4 )(OH) 3-3y (H 2 O) 3y-2 with well-defined particle morphologies, a series of hydrothermal synthesis (at 150°C) with varying reaction time and pH were carried out (see overview in Figure S1 -4).
Thus, our screening shows that Fe 2-y (PO 4 )(OH) 3-3y (H 2 O) 3y-2 can be synthesized at the lowest tested temperature (150 ºC) in combination with much shorter reaction times than previously suggested (see Table   1 ). This points to the high stability of the material and even shorter reaction times and lower temperature may provide successful formation of Figure 2B ). At pH ~4 varying the reaction time between 2 and 72 hours seems to have little or no effect on the product and hyper-branched particles with an average diameter of ~5 μm are obtained in all cases. At lower pH (~2), increasing the reaction time from 3 to 72 hours results in the particles adopting more octahedral facetted shapes and less uniform particle sizes (see supplementary information Figure S5 ). It is interesting to note, that while the surface of the branched particles appears smooth and have relatively well defined facets, the spherical particles have a rougher (cauliflower-like) surface, which indicates that the particles consists of nano-sized platelets (see Figure 2D) . Addition of the surfactant CTAB yields a fine powder of spherical Fe 2-y (PO 4 )(OH) 3-3y (H 2 O) 3y-2 particles of 2-6 μm in diameter at both pH ~2 and ~4 (as seen for FPOH-2-CTAB, Figure 2C ). Thus, the surfactant prevents branching of the particles. This is also suggested in previous studies. 11, 18 Varying the reaction time between 2 and 6 hours does not affect the morphology. Unfortunately, addition of CTAB also results in formation of a small amount of FePO 4 •nH 2 O (< 5 wt% based on Rietveld refinement). Expanding the matrix of experimental conditions to include variation of the synthesis temperature awaits further investigation as this may lead to nano-scale particles with superior electrochemical performance. Table 3 ), where the numbers refer to the synthesis pH. FPOH-4 represents the branched particles, while FPOH-2 and FPOH-2-CTAB represents spherical particles obtained without and with surfactant (See SEM micrographs in Figure 2 ). 15 The proposed structure provides good fits to the data (see Supplementary Information Figure S6 ) and unit cell parameters similar to those previously reported. The amount of vacancies on the iron position and thus the composition of Fe 2-y  y (PO 4 )(OH) 3-3y (H 2 O) 3y-2 is determined by refining the Fe-occupancy. No significant variation in the iron content is observed between the three samples and the general Fe:P ratio is found to be 1.12. Thus, 44% of the iron positions are vacant.
The oxidation state of the iron centers was investigated with EPR spectroscopy using LiFe(II)PO 4 and increase in the iron content leads to 0.22% increase and 0.32% decrease in a-and c-axis, respectively.
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Comparing the unit cell parameters obtained in this work indicates that the iron content in FPOH-4 is indeed a bit higher than in FPOH-2 and -2-CTAB, however the higher iron content detected by ICP may also stem from a small amount of an amorphous iron-containing phase forming at pH ~4. From the SR-PXD data the average size of the crystallites within the three samples are determined using the Scherrer equation (with correction for instrumental peak broadening and assuming spherical crystallite geometry). For FPOH-2 and -2-CTAB the crystallites are ~145 and ~55 nm in diameter, respectively, which confirms the observations of the nano-morphology on the particle surfaces by SEM ( Figure 2D ). The differences in crystallite size also
indicate, that addition of surfactant affects the crystallite size to a much higher extant than the particle size.
For FPOH-4 no peak broadening is observed from the sample, i.e. the crystallites are more than a couple of hundred nanometers, which is also supported by the smooth particle surfaces observed by SEM (Figure 2A ). a capacity fade of only 6% over 60 cycles for an optimized hydrothermal reaction yielding spherical particles. 11 In both studies, the most significant capacity loss was also observed in the first cycle.
To obtain further insight into the redox processes, cyclic voltammetry was performed on each of the three selected cathode materials (Figure 4) . It is evident, that the branched particles (FPOH-4) behave significantly different from the spherical ones (FPOH-2 and FPOH-2-CTAB). During the first reduction (Li-insertion) a relatively large cathodic current peak is observed at 3.01 and 3.09 V for FPOH-2 and FPOH-2-CTAB, respectively. This peak is significantly smaller in the second cycle and diminishes further upon repeated cycling. Thus, it corresponds to an irreversible reaction and may account for the capacity loss observed in the first cycle. For FPOH-4, this peak, and thus this reaction, is barely visible and the capacity loss in this sample may have a different cause. The main cathodic current is rather broad and peaks at 2.51 V for FPOH-2 and -2-CTAB and at 2.43 V for FPOH-4. For the former two samples, the main current peak remains relative constant with repeated cycling, while in FPOH-4 it shifts towards lower potentials, i.e. the peak shifts by ~0.08 V over the five cycles. The peak also decreases in magnitude with repeated cycling, thus for FPOH-4 the capacity loss seems to originate from the main reaction not being fully reversible. During oxidation (Liextraction), FPOH-2 and FPOH-2-CTAB exhibit strong anodic currents peaking at ~2.8 V followed by a current-tail up to ~4 V. This behavior is relatively constant with repeated cycling. For FPOH-4 several anodic peaks are observed during oxidation (Li-extraction) at ~2.8, 3.1, 3.7 and 3.9 V, whereof the latter three appears to be partly irreversible. The main peak at ~2.8 V shifts towards higher potential upon cycling, which together with the shift in the main cathodic peak gives rise to the increasing potential hysteresis in this sample. using a two-electrode setup). Cycle one to five are marked in black, red, blue, purple and green, respectively. 27 In the pristine material, the radius of Fe-site is 0.64 Å, which fits well with the reported radius of Fe(III) of 0.65 Å. In comparison, the reported radius of Fe(II) is 0.78 Å. Thus, up to xLi = 0.2 the capacity may be gained by processes that do not cause iron reduction, such as reduction of crystal water as suggested in earlier reports. [9] [10] Reduction of the phosphate ion is not plausible. Alternatively, the structural evolution may be explained by processes that lead to contraction along the c-axis acting simultaneous with iron reduction, thus counteracting the unit cell expansion due to the increase in the ionic radius of iron. Such a process could be lithium intercalation into the vacant iron-sites, as this may minimize anion repulsions and thereby lead to contraction of the affected octahedra. The fact, that no regimes with completely constant c-axis are observed during charge or in the subsequent discharge, underlines that this behavior is due to a highly irreversible reaction, and it correlates with the irreversible current peak observed particularly in the first reduction (discharge) during CV at 3.09 V (Figure 4 ).
In the latter part of the first discharge, i.e. at xLi > 0.2, the c-axis increases as expected, however the change is not linear. This may indicate that water reduction or intercalation into the vacant iron sites still occur.
However, the fact, that the non-linearity is also observed for the subsequent charge as well as in the second discharge-charge cycle, suggests, that this behavior is caused by a (partly) reversible process. The origin may be that lithium to some extent can be deintercalated from the vacant iron sites or that the high concentration of vacancies on the Fe-positions provides some degree of structural flexibility. As Fe is reduced or oxidized the ionic radius inherently changes, which causes an expansion/contraction as well as distortion of the [FeO 6 ] octahedra. However, 44% of the octahedra are vacant, and the structural change in Fe-containing octahedra may be alleviated either by displacement of the Fe-ions, as observed by Redrup et al., 15 or by inducing changes in the Fe-free octahedra, which to some degree may limit the lattice expansion. The fact that this effect is mainly observed for the c-axis is likely a result of the [FeO 6 ] octahedra being connected via edge-sharing along the c-axis, while they share faces in the a-and b-direction. Furthermore, the ironhydroxide (Fe-O1) bonds lie primarily along the c-axis. These bonds are expected to be significantly more flexible than the Fe-O2 bonds, which involve the more rigid Fe-PO 4 framework. These lie primarily in the ab-plane. However, to shed light on the nature of these transformations local-probe techniques, e.g. pair distribution function analysis or nuclear magnetic resonance spectroscopy, are required.
Finally we note that upon repeated cycling, the a-axis generally increases, i.e. at the end of the first charge the a-axis is 5.19 Å, while during the first discharge at the same xLi-composition (xLi = 0.02) the a-axis is only 5.17 Å. This effect is opposite for the c-axis, i.e. at the end of the first charge the c-axis is 13.00 Å, while during the first discharge at the same xLi-composition the c-axis is 13.04 Å. For both the a-and c-axis the effects seem to drop off with cycling, and the unit cell parameters appear to stabilize (See Figure S10) . Dollé et al. observed similar trends by ex situ PXD. 9 These observations may be linked to an increasing amount of lithium being irreversible intercalated into the vacant Fe-sites.
Conclusion
In summary, phase pure well crystalline tetragonal Fe 2-y (PO 4 )(OH) 3-3y (H 2 O) 3y-2 (space group I4 1 /amd) was synthesized by hydrothermal synthesis at 150 ºC using pH between ~2 and ~4 and reaction times as short as 2 hours. Altering the synthesis conditions do not affect the composition significantly, which is found through Rietveld refinement to be Fe 1.12  0.88 (PO 4 )(OH) 0.36 (H 2 O) 0.64 . However, the synthesis pH strongly influence the particle morphology, i.e. low pH provides spherical particles, while synthesis at pH ~4 yields hyper branched particles. Furthermore, addition of surfactant reduces the crystallite size significantly. The latter is found to positively affect the Li-ion storage capacity as well as decrease the potential hysteresis. Cyclic voltammetry revealed that for the spherical particles, an irreversible reaction occurs during the first discharge, which accounts for the majority of the capacity loss. For the branched particles, the capacity loss appears to be linked to the irreversibility of the main Li-intercalation/-extraction reaction. Operando SR-PXD showed that Fe 2-y (PO 4 )(OH) 3-3y (H 2 O) 3y-2 stores Li-ions via a complete solid solution transformation during battery discharge and charge. Surprisingly, the evolution in the lattice parameters was found to be highly anisotropic. This is attributed to a highly irreversible reaction, such as reduction of water or Liintercalation into the vacant iron sites during the first discharge and to the high concentration of Fe-vacancies (44%), which partly alleviates the structural expansion/contraction due to iron reduction/oxidation. 
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